ABSTRACT. In addition to regulating gene expression, RNA silencing is an essential antiviral defense system in plants. Triggered by double-stranded RNA, silencing results in degradation or translational repression of target transcripts. Viruses are inducers and targets of RNA silencing. To condition susceptibility, most plant viruses encode silencing suppressors that interfere with this process, such as the Tomato spotted wilt virus (TSWV) NSs protein.
INTRODUCTION
Tomato spotted wilt virus (TSWV) has a worldwide distribution and a host range that includes more than 1300 plant species (Parrella et al., 2003) . In 2011, TSWV was ranked the second most important virus in molecular plant pathology (Scholthof et al., 2011) . TSWV infection in plants causes a reduction in both yield and quality of fruit and vegetables, and induces developmental defects in ornamental species (Pappu et al., 2009) . Among the most economically important plants susceptible to this virus are tomato (Solanum lycopersicum), lettuce (Lactuca sativa), pepper (Capsicum annuum), potato (S. tuberosum), onion (Allium cepa), peanut (Arachis hypogaea), tomatillo (Physalis ixocarpa Brot.), and chrysanthemum (Chrysanthemum morifolium; de la Torre-Almaráz et al., 2002; Parrella et al., 2003; Scholthof et al., 2011) .
TSWV belongs to the genus Tospovirus in the family Bunyaviridae (Parrella et al., 2003) . TSWV virions are 80-120 nm in diameter, contain several copies of RNA-dependent RNA polymerase, and are surrounded by an envelope formed of host-derived lipids and viral glycoproteins (Parrella et al., 2003) . The TSWV genome consists of three negative-sense, single-strand RNAs designated large (L), medium (M), and small (S; Figure 1A ; Parrella et al., 2003; Margaria and Rosa, 2015) . RNA L (8.8 kb) encodes the RNA-dependent RNA polymerase (331.5 kDa) responsible for TSWV RNA replication and transcription (Margaria and Rosa, 2015) . RNA M (4.8 kb) harbors the open reading frame of membrane glycoprotein Gc/Gn (127.4 kDa), which is cleaved by a host protease to form the Gc and Gn proteins that make up part of the virion envelope (Parrella et al., 2003) . In addition, RNA M is the template for a sub-genomic RNA encoding protein NSm (33.6 kDa), involved in virus cellto-cell movement (Parrella et al., 2003) . RNA S (2.9 kb) encodes the nucleocapsid protein N (29 kDa), which associates with genomic RNAs to form ribonucleoprotein complexes that are packaged into virions (Parrella et al., 2003) . RNA S also serves as a template for a further subgenomic RNA responsible for the production of the multifunctional protein NSs (52.4 kDa; Parrella et al., 2003) .
RNA silencing regulates gene expression in eukaryotes, including plants and insects (Ding and Voinnet, 2007) , in which also functions as an inducible, potent, highly specific, and adaptable antiviral defense system (Ding and Voinnet, 2007; García and Pallás, 2015) . Most plant and insect viruses encode silencing suppressor proteins that inactivate RNA silencing to condition susceptibility and favor virus replication and spread (Powers et al., 2008; Qu et al., 2008; Garcia-Ruiz et al., 2010; Wang et al., 2010) . In tospoviruses, protein NSs is an RNA silencing suppressor (Takeda et al., 2002; Bucher et al., 2003; Hedil et al., 2015) necessary for the establishment and maintenance of systemic infection in plants (Margaria et al., 2014) and for persistent infection and transmission by flower thrips (Frankliniella occidentalis; Whitfield et al., 2005; Margaria et al., 2014) . TSWV NSs is also an avirulence determinant that triggers a hypersensitive response in resistant plants (de Ronde et al., 2013; de Ronde et al., 2014) .
Variation in pathogenicity of this virus has been observed in pepper, tomatillo, and chrysanthemum (de la Torre-Almaráz et al., 2002) , and in the former, such differences have been found to be due to NSs mutations (de Ronde et al., 2013) . The mechanism by which tospoviral NSs inhibits RNA silencing, and its role in virus infection remain to be determined.
In this paper, we show for the first time that TSWV NSs suppresses antiviral RNA silencing and restores the pathogenicity of two heterologous viruses: suppressor-deficient Turnip mosaic virus (TuMV) and Turnip crinkle virus (TCV). 
MATERIAL AND METHODS

TSWV mechanical inoculation
The Hawaii isolate of TSWV was transmitted by thrips (F. occidentalis) to Emilia fosbergii for maintenance and mechanically to other hosts for experiments. Using a mortar and pestle, inoculum was prepared by grinding 1 g systemically infected fresh leaves in 10 mL TSWV inoculation buffer (0.1 M potassium phosphate buffer, pH 7.0; Mandal et al., 2008) , into which 10 mM sodium sulfite, 10 mM β-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF) had been added before use. The extract was centrifuged at 4000 rpm for 10 min at 4°C, and the supernatant transferred to a new tube and kept on ice. Datura stramonium, Nicotiana benthamiana, and S. lycopersicum leaves were dusted with carborundum and rubinoculated with 50 µL inoculum per leaf. Eighteen plants of each species were inoculated when they were 25-30 days old. In parallel, control plants were mock-inoculated with buffer. Plants were kept in a growth chamber at 22°C under a 16:8 h light:dark cycle. Systemically infected N. benthamiana, D. stramonium, and S. lycopersicum leaves ( Figure 1B) were collected at 15, 20, and 25 days post inoculation (dpi), respectively. Leaf samples were then frozen in liquid nitrogen and stored at -80°C.
TSWV virion purification and RNA extraction
Two protocols (Lane, 1986; de Avila et al., 1990) were combined to purify TSWV virions. Frozen leaves (20 g) were ground with an electric blender in 100 mL cold TSWV inoculation buffer containing 10 mM sodium sulfite, 10 mM β-mercaptoethanol, and 1 mM PMSF. Extracts were filtered through four layers of cheese cloth and debris removed by spinning at 7700 g for 10 min. Aliquots of 50 and 800 µL were collected for total protein and total RNA extraction, respectively. The solution obtained was centrifuged at 50,000 g for 30 min and the supernatant discarded. The resulting pellet was re-suspended in 22.5 mL cold 0.1 M sodium citrate buffer, pH 5.5, before adding Triton X-100 to a final concentration of 2%, and mixing with a stir bar for 10 min at 4°C. After low-speed centrifugation (7700 g for 10 min), the supernatant was transferred to a new tube. Virions were then concentrated by centrifugation (35,000 rpm for 2 h in an L7-55 ultracentrifuge with a 50.2 Ti rotor, Beckman Coulter, Brea, CA, USA) through a 5-mL cushion of 20% sucrose in 0.1 M sodium citrate buffer, pH 5.5. The supernatant was discarded and virions were recovered by re-suspending the pellet in 800 µL suspension buffer (10 mM Tris-Cl, pH 8.0, 1 mM ethylenediaminetetraacetic acid, and 100 mM NaCl). Fifty microliters were taken for protein extraction, while the rest was used for virion RNA isolation. Total and virion protein samples were mixed with 50 µL 2X protein dissociation buffer containing bromophenol blue, and incubated at 100°C for 3 min, before being stored at -80°C until used for immunoblotting. Virion purification efficiency was determined by a dilution curve of total and virion proteins, and protein N abundance was estimated with respect to a two-fold dilution of the total protein sample.
Total and virion RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA), and concentration was measured with a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). Samples containing 1 mg RNA were run on a 1% agarose gel.
Western blotting
Protein samples were analyzed by western blotting. A Bradford assay revealed protein concentrations of 0.1-0.8 and 1.5-2 µg/µL for the total and virion extracts, respectively. Equal sample volumes (5 µL) were loaded on a 12% polyacrylamide gel and proteins were separated by electrophoresis at 150 V for 60 min. After being transferred to a membrane, proteins were stained with Ponceau S solution (Sigma, St. Louis, MO, USA). Protein N was detected using a primary antibody (1:64,000; Law and Moyer, 1990) , and a goat anti-rabbit immunoglobulin G secondary antibody (1:10,000; NA934-1; GE Healthcare, Little Chalfont, UK). Chemiluminescence was detected with Clarity Western ECL Substrate and a ChemiDoc MP Imaging system (Bio-Rad, Hercules, CA, USA).
TSWV NSs cloning
Virion RNA from N. benthamiana was used to clone two versions of NSs, containing or lacking the 5' untranslated region (UTR). Using Geneious 8.1.5 (Biomatters Ltd., Auckland, New Zealand), oligonucleotides were designed based on the consensus sequence of all S segments available on GenBank. First-strand complementary DNA (cDNA) was generated with SuperScript III reverse transcriptase (Thermo Fisher Scientific). Virion RNA (4 µg) was treated with 2 U DNase (Ambion TURBO DNA-free; AM1907; Thermo Fisher Scientific), and reverse transcription (RT) was carried out at 50°C for 50 min using tospovirus universal primer TOS-R15 (5'-GGGAGAGCAATYGWGKYR-3'; Uga and Tsuda, 2005) . First-strand cDNA was amplified by polymerase chain reaction (PCR) using TSWV-S14 (5'-CACCATGGAGAGCAATTGTGTC-3') or TSWV_NSs (5'-CACCATGGATGTCTTCAAGTGTTTATG-3') as the forward primer and Stop_TSWV_ NSs (5'-ggccgctctAGATCATTTTGATCCTG-3') as the reverse primer. TSWV-S14 and TSWV_NSs, which add a topoisomerase recognition site, were used to generate an NSs clone that included or lacked the 5' UTR, respectively. For cloning purposes, an NcoI site was formed by adding four base pairs (ATGG). Primer Stop_TSWV_NSs adds an XbaI site (lower case) after the stop codon in the NSs sequence.
The 50-µL PCR mix contained 2 µL cDNA, 1.5 mM MgCl 2 , 0.2 mM deoxynucleotides, 0.5 µM primers, 1X reaction buffer, and 1 µL PfuUltra II Fusion HS DNA polymerase (600672; Agilent Technologies, Santa Clara, CA, USA). Thermocycler conditions were as follows: initial denaturing at 95°C for 2 min, followed by 32 amplification cycles of denaturing at 95°C for 20 s, annealing at 53°C for 20 s, and extension at 72°C for 2 min, before a final extension at 72°C for 5 min.
Using a TOPO cloning kit (45-0218; Life Technologies, Carlsbad, CA, USA), RT-PCR products were inserted into pENTR plasmids, and clones were identified by EcoRI/ PvuI double digestion. One pENTR-NSs clone and one pENTR-5' UTR-NSs clone were then transferred to pMDC32 vectors using Gateway LR Clonase II Enzyme Mix (11791-020; Life Technologies). pMDC32 clones were identified by EcoRI digestion. For each of the two NSs constructs, four independent clones were sequenced and their consensus sequence aligned to that of all 61 TSWV segment S sequences available on GenBank.
Agrobacterium transformation and agroinfiltration
By electroporation, Agrobacterium tumefaciens strain GV3101 was transformed with plasmids encoding NSs (pMDC32-5' UTR-NSs or pMDC32-NSs), tombusviral P19 (pCB302-P19), beta-glucuronidase (pMDC32-GUS; Johansen and Carrington, 2001; GarciaRuiz et al., 2010) , or a single-stranded green fluorescent protein (ssGFP) reporter (pPZP-35S-GFP; Tatineni et al., 2012) . Cells were cultured on Luria broth (LB) plates containing rifampicin and kanamycin (for pCB and pMDC32 plasmids) or spectinomycin (for the pPZP plasmid) at 28°C for 48 h. Cells from a single colony were used to inoculate 1 mL LB medium containing the corresponding antibiotic(s), which was then incubated for 20 h at 28°C with shaking.
Using 10 or 20 mL vir induction medium, consisting of 1X LB, 100 mg/mL rifampicin, 125 mg/mL kanamycin or spectinomycin, 10 mM 2-(N-morpholino) ethanesulfonic acid hydrate (MES), pH 5.2, and 100 µM acetosyringone, cultures were diluted to an optical density at 600 nm (OD 600 ) of 0.0025 and incubated for 16 h at 28°C with shaking. Cells were pelleted by centrifugation at 6000 rpm for 10 min, re-suspended in an equal volume of infiltration solution, comprising 10 mM MgCl 2 , 10 mM MES, pH 5.2, and 150 µM acetosyringone, and incubated in the dark at room temperature for 2 h before being used to infiltrate N. benthamiana leaves. Plants were at the five-to-six-leaf stage, and leaves three and four were infiltrated. Plants were kept in a growth chamber at 27°C under a 16:8-h light:dark cycle. Experiments were repeated two or three times.
Using the same protocol, Agrobacterium tumefaciens cells were transformed with infectious clones of suppressor-deficient Turnip mosaic virus tagged with GFP (TuMV-AS9-GFP; Garcia-Ruiz et al., 2010) or GFP-labeled Turnip crinkle virus (TCV-GFP; Powers et al., 2008) .
TuMV-AS9-GFP virion enrichment
TuMV-AS9-GFP was propagated by co-infiltrating N. benthamiana leaves with plasmids carrying TuMV-AS9-GFP (OD 600 = 0.25) and P19 (OD 600 = 0.5), as previously described (Garcia-Ruiz et al., 2010) . Five days later, virions were enriched from 200 g infiltrated leaves by polyethylene glycol precipitation (Garcia-Ruiz et al., 2010) . Enriched virions were stored at -20°C in 40% glycerol and titrated in Arabidopsis thaliana dcl2-1 dcl3-1 dcl4-2 triple-mutant plants (Garcia-Ruiz et al., 2010) .
Transgene silencing
A standard assay based on the N. benthamiana 16c line, which expresses a GFP transgene (Johansen and Carrington, 2001) , was used to measure transgene silencing suppression by NSs. Virus-induced gene silencing (Benedito et al., 2004) results when a fragment of viral RNA, in this case a GFP tag, exhibits sequence homology with a host gene, such as that encoding GFP in N. benthamiana 16c plants. Agrobacterium tumefaciens cells carrying an ssGFP construct (OD 600 = 0.125) were infiltrated alone or in combination with NSs (OD 600 = 0.5), while GUS and P19 were used as negative and positive controls, respectively. Eight plants were infiltrated per treatment, and the experiment was repeated twice. Induction of local and systemic transgene silencing was measured using photographs of infiltrated and non-infiltrated leaves taken under ultraviolet (UV) light.
GFP fluorescence and silencing index
GFP fluorescence intensity was determined from photographs taken under UV light using the green channel in ImageJ (Wayne Rasband, National Institutes of health, USA). Systemic silencing in transgenic N. benthamiana 16c plants was measured as the ratio of red to green light using the corresponding ImageJ channels. Green and red background levels were estimated using leaves from wild-type plants and those of untreated 16c plants, respectively. The former leaves were also used to estimate a wild-type red intensity value. The green signal from wild-type plants was divided by that from 16c plants, and the resulting value subtracted from 1. To estimate the change from GFP to red fluorescence (silenced) in 16c plants, a silencing index was estimated by subtracting the green from the red value dividing the result by the wild-type red intensity.
Antiviral RNA silencing assays
Suppressor-deficient TCV-GFP (Powers et al., 2008) and TuMV-AS9-GFP (GarciaRuiz et al., 2010) do not infect N. benthamiana and were used to measure antiviral RNA silencing by two complementary approaches: co-infiltration and infiltration followed by mechanical inoculation (Powers et al., 2008) . TCV-GFP lacks the coat protein, which is a silencing suppressor (Powers et al., 2008; Qu et al., 2008) , while TuMV-AS9-GFP harbors an inactivating mutation in the silencing suppressor HC-Pro (Garcia-Ruiz et al., 2010) . Six plants were infiltrated per treatment, and experiments were repeated twice.
In co-infiltration assays, TCV-GFP or TuMV-AS9-GFP was infiltrated (OD 600 = 0.0005) alone or in combination with NSs (OD 600 = 0.5). GUS and P19 were used as negative and positive controls, respectively. Six days after infiltration, suppression of antiviral RNA silencing was measured by counting the number of local infection foci per leaf under UV light. TuMV-AS9-GFP coat protein levels in infiltrated leaves were measured by immunoblotting.
To assess the accumulation of TuMV-derived small RNAs (sRNAs), the OD 600 of the TuMV-AS9-GFP-carrying Agrobacterium suspension was increased to 0.125 and infiltrated leaves were collected for protein and RNA extraction.
In a complementary assay, NSs and controls were infiltrated at an OD 600 of 1.0. Twenty-four hours later, infiltrated leaves were mechanically inoculated with TuMV-AS9-GFP virions. Six days after infiltration, suppression of antiviral RNA silencing was scored by counting the number of local infection foci per leaf.
To measure virus-induced RNA silencing, transgenic N. benthamiana 16c leaves were mechanically inoculated with TuMV-AS9-GFP virions 1 day after infiltration of NSs or controls. Silencing of the GFP transgene in non-inoculated leaves was measured at 10, 15, and 20 days after infiltration.
High molecular weight RNA and sRNA northern blotting
Small RNA accumulation was measured as previously described (Garcia-Ruiz et al., 2010) . Using duplicate gels, TuMV-AS9-GFP-derived sRNAs were detected using probes to target the GFP tag or the cylindrical inclusion helicase (CI). Probes against GFP or CI consisted of PRC products labeled with digoxigenin (DIG)-labeled (11 175 033 910; Roche). Blots were hybridized for 16 h at 38°C and washed at 42°C. Chemiluminescence was detected using CDP-Star (12 041 677 001; Roche, Basel, Switzerland).
NSs transcript was detected by high molecular weight RNA northern blotting using 4 µg total RNA, a 1% agarose gel containing 1.1% formaldehyde, and 1X 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid running buffer. After capillary transfer to a nylon membrane (11 417 240 001; Roche), NSs RNA and ribosomal 18S RNA were detected with DIG-labeled PCR products amplified from pENTR-NSs and Arabidopsis thaliana genomic DNA, respectively. For the latter, the oligonucleotides 18S_rRNA_F (5'-CACCTCCCTTAACGAGGATCCATTGG-3') and 18S_rRNA_R (5'-AGAGCGTAGGCTTGCTTTGAGCACTC-3') were used and the PCR product was cloned into pENTR (pENTR-18SAtrDNA). Blots were hybridized for 16 h at 55°C and washed at 60°C.
RESULTS
TSWV virion purification
TSWV virions were purified from three plant species with similar results. Compared to the initial extracts, staining and immunoblots showed protein N enrichment and depletion of the large subunit of rubisco in samples purified for virions (Figure 2A) . A dilution curve revealed a 16-fold enrichment of protein N after virion purification from N. benthamiana ( Figure  2B ). Using D. stramonium and S. lycopersicum, this protein was enriched by 8-and 2-fold, respectively (S1 Figure) , suggesting that enrichment efficiency relates to TSWV abundance. In N. benthamiana, total RNA samples contained ribosomal RNA but TSWV genomic RNAs were not detected (Figure 2A) . In contrast, a marked reduction in ribosomal RNA and an increase in TSWV genomic RNA was observed after virion purification (Figure 2A) . Similar results were obtained for D. stramonium and S. lycopersicum (S1 Figure) . In infected plants, RNA L is generally less abundant than the M and S transcripts (Hedil et al., 2014) , as obtained in the virion RNA isolated from D. stramonium and S. lycopersicum (S1 Figure) . However, in N. benthamiana samples, RNA L was as abundant as RNA S (Figure 2A ). RNA-dependent RNA polymerase (RDR1) is a critical component of antiviral RNA silencing in plants ( Garcia-Ruiz et al., 2010; Wang et al., 2010) , and N. benthamiana harbors a mutation in the gene by which it is encoded (NbRdRP1m; Yang et al., 2004) . Thus, the higher levels of RNA L observed in N. benthamiana suggest that this RNA is preferentially targeted by RDR1-dependent silencing, as shown by sRNA sequencing in the absence of functional NSs (Margaria et al., 2015b) .
NSs clones
Two NSs clones including or lacking the 5' UTR were generated ( Figure 3A ). NSs cDNA was cloned into pENTR and inserted into pMDC32 for functional analysis (S2 Figure; Curtis and Grossniklaus, 2003) . Nucleotide sequences of the NSs open reading frame were used to predict the corresponding amino acid sequence. The consensus sequence for all 61 TSWV segment S records available in GenBank was used as a reference. Compared to this reference sequence, the NSs clones described here exhibited 10 amino acid changes ( Figure  3B ) outside of conserved motifs, and hence not within the predicted essential RNA binding domains (de Ronde et al., 2014; Zhai et al., 2014; Hedil et al., 2015) . Local transgene silencing suppression ssGFP was expressed alone or in the presence of NSs in N. benthamiana 16c plants. NSs prevented GFP silencing in the infiltrated zones (Figure 4) . GFP fluorescence was 44 and 34% of that observed for P19 using the 5' UTR-NSs and NSs clones, respectively. This level of local transgene silencing suppression agrees with previous results (Takeda et al., 2002) . 
Antiviral RNA silencing suppression
Tospoviral NSs clones have been characterized previously using transgene silencing and in vitro assays (Takeda et al., 2002; Bucher et al., 2003; Schnettler et al., 2010; de Ronde et al., 2013; de Ronde et al., 2014; Hedil et al., 2015) . However, transgene silencing and antiviral RNA silencing differ in key genetic requirements (Ding and Voinnet, 2007) . Moreover, the effect of NSs clones on the latter has not been demonstrated experimentally. We tested NSs antiviral RNA silencing activity using two complementary approaches and two silencing suppressor-deficient viruses unable to infect N. benthamiana. In co-infiltration assays, both 5' UTR-NSs and NSs complemented suppressor-deficient TCV-GFP and TuMV-AS9-GFP, resulting in the formation of visible local infection foci ( Figure 5 ). The number of infection foci per leaf for both viruses in the presence of NSs was between 40 and 60% of that observed using P19. Interestingly, the TCV-GFP infection foci formed after infiltration of the two NSs constructs were smaller (0.3 ± 0.1 mm in diameter) and dimmer than those seen following P19 treatment (1.0 ± 0.07 mm in diameter; Figure 5A ). TuMV-AS9-GFP NSs and 5' UTR-NSs infection foci were similar in size to those observed with P19, but of lower intensity ( Figure  5B ). Virus accumulation was measured by immunoblotting. With NSs, TuMV-AS9-GFP coat protein expression was 20% of the level observed using P19 ( Figure 5B ). Initiation of virus infection by agroinfiltration of binary vectors is sensitive to both transgene and antiviral RNA silencing (Powers et al., 2008) . To exclude the possible effects of the former, we measured antiviral RNA silencing by first infiltrating NSs into N. benthamiana leaves and 1 day later, mechanically inoculating them with TuMV-AS9-GFP virions. Formation of local infection foci by TuMV-AS9-GFP confirmed NSs suppression of antiviral RNA silencing. The number of infection foci per leaf in the presence of NSs was 70% of that observed using P19 ( Figure 5C ).
Together, these results show that NSs is a suppressor of antiviral RNA silencing directed against two heterologous viruses: TCV-GFP and TuMV-AS9-GFP. However, NSs is less suppressive than P19. Inclusion of the 5' UTR did not significantly affect NSs activity (Figures 4  and 5) . In infiltrated leaves, RNA of both NSs clones accumulated to similar levels ( Figure 6B) , showing that the 5' UTR did not significantly alter transcription or downstream events. Turnip mosaic virus (TuMV)-AS9-green fluorescent protein (GFP) was co-infiltrated at an optical density at 600 nm (OD 600 ) of 0.125 with NSs (OD 600 = 0.5) or controls in Nicotiana benthamiana. Four days after infiltration, photographs were taken and samples collected for protein and RNA extraction. Accumulation of TuMV-AS9-GFP coat protein (CP), NSs transcript, and TuMV-AS9-GFP-derived small interfering RNA (siRNA) was determined in four biological replicates. GUS = beta-glucuronidase; UTR = untranslated region. A. Representative leaves showing local infection, and TuMV-AS9-GFP CP accumulation determined by immunoblotting. B. Accumulation of TuMV-AS9-GFP-derived sRNAs detected with probes against cylindrical inclusion helicase (CI) or GFP. U6 was used as a loading control. C. NSs transcript accumulation; 18S ribosomal RNA (rRNA) was used as a loading control.
Virus-derived sRNA accumulation
Viruses are inducers, targets, and suppressors of RNA silencing (Ding and Voinnet, 2007) . Induction results in the formation of sRNAs of 21 to 24 nucleotides (nt) derived from viral RNA by Dicer-like proteins. Targeting is mediated by Argonaute proteins associated with virus-derived small interfering RNAs (sRNAs) and causes the degradation of viral RNA after slicing or translational repression (Ding and Voinnet, 2007; Carbonell et al., 2012; Carbonell and Carrington, 2015; Garcia-Ruiz et al., 2015) . To gain insight into the mechanistic activity of NSs, we co-infiltrated it with TuMV-AS9-GFP and measured the accumulation of virusderived sRNAs (Figure 6 ). sRNAs derived from the two areas of the TuMV-AS9-GFP genome examined (CI and GFP) were predominantly 21-nt long ( Figure 6C ). Despite greater viral presence ( Figure 6A ), and as observed for P19, NSs caused a reduction in the levels of virusderived sRNA with respect to GUS treatment or leaves infiltrated with virus alone ( Figure 6C ).
Virus-induced GFP silencing
Accumulation of GFP-derived sRNAs in the presence of NSs ( Figure 6C ) offered an opportunity to measure the effect of this suppressor on the activity and movement of the silencing signal. Even in the presence of NSs, mechanical inoculation with TuMV-AS9-GFP induced systemic silencing of the N. benthamiana 16c GFP transgene (Figure 7 ), suggesting movement of the antiviral RNA silencing signal, TuMV-AS9-GFP, or both. Despite clear differences in local infection ( Figure 7A ), plants infiltrated with TuMV-AS9-GFP alone or with GUS displayed systemic GFP silencing at the same time point as those treated with NSs ( Figure 7B ). TuMV-AS9-GFP does not form local infection foci in the absence of a silencing suppressor ( Figures 7A and 5C ). Thus, induction of GFP silencing in non-inoculated leaves suggests systemic movement of the silencing signal. Plants infiltrated with P19 showed a delay in the onset of systemic GFP silencing, which correlated with a reduction in the accumulation of GFP-derived sRNAs ( Figure 6C ). P19 is a strong silencing suppressor that binds sRNAs (Omarov et al., 2007) . The delay observed suggests systemic movement of TuMV-AS9-GFP, followed by silencing of both viral RNA and the GFP transgene.
DISCUSSION
In plant-virus interactions, silencing suppressors are pathogenicity determinants involved in symptom development (Ding and Voinnet, 2007; Garcia-Ruiz et al., 2010; García and Pallás, 2015) , while avirulence factors trigger a hypersensitive response (de Ronde et al., 2014) . TSWV NSs is both a silencing suppressor and an avirulence factor (de Ronde et al., 2014) . Consistent with these models, variations in symptom development, differences in virus accumulation and clearance, and the emergence of TSWV isolates capable of overcoming resistance in pepper plants have been attributed to NSs mutations (de Ronde et al., 2013; de Ronde et al., 2014) . Furthermore, NSs silencing suppression is necessary for persistent infection and transmission of TSWV by F. occidentalis (Whitfield et al., 2005; Margaria et al., 2014) . Collectively, these observations imply that pathogenic differences in TSWV isolates, and possibly other tospoviruses, are likely caused by NSs genetic variation. The assays described here constitute valuable experimental tools for the characterization of NSs variants.
Consistent with previous descriptions of this protein from several tospoviruses (Takeda et al., 2002; Bucher et al., 2003; de Ronde et al., 2014; Margaria et al., 2014; Zhai et al., 2014; Hedil et al., 2015) , NSs prevented local transgene silencing in the present study ( Figure  4) . However, the suppression of antiviral RNA silencing by NSs had not been demonstrated before. Using two independent assays, we showed that NSs rescued the pathogenicity of suppressor-deficient TCV-GFP and TuMV-AS9-GFP, resulting in the establishment of local infection ( Figure 5 ). Accordingly, NSs suppresses antiviral RNA silencing directed against these viruses.
Transgene and antiviral silencing suppression assays showed NSs activity to be 30 to 70% of that of P19 (Figures 4 and 5) . TCV-GFP and TuMV-AS9-GFP local infection foci were less abundant with NSs than P19 ( Figure 5 ). In addition, TCV-GFP infection foci were smaller following co-infiltration with NSs than those formed in the presence of P19 ( Figure 5A ), and lower levels of TuMV-AS9-GFP accumulated in plants treated with NSs constructs than in those in which P19 was expressed ( Figure 5B ). Several models might explain this difference in the magnitude of silencing suppression. For instance, NSs may be less stable and accumulate to lower levels than P19, or could require viral or cellular co-factors not present in transient expression assays. A combination of such factors could also be responsible. An epitope-tagged NSs is currently being used to test these possibilities. Antiviral RNA silencing is characterized by the production of virus-derived sRNAs that mediate targeting of viral transcripts (Ding and Voinnet, 2007; Carbonell et al., 2012; Carbonell and Carrington, 2015; Garcia-Ruiz et al., 2015) . Leaves co-infiltrated with TuMV-AS9-GFP and NSs accumulated virus-derived sRNAs ( Figure 6C) , showing that this silencing suppressor does not prevent their formation. However, relative to the amount of virus present, NSs caused a reduction in the accumulation of TuMV-derived sRNAs. These observations suggest that NSs interferes with the amplification of the antiviral silencing response.
TuMV-AS9-GFP did not form local infection foci in the absence of a silencing suppressor ( Figure 7A ), but did induce systemic GFP transgene silencing in N. benthamiana 16c plants at the same rate in the presence or absence of NSs ( Figure 7B ). This suggests that NSs did not interfere with the systemic movement of the virus-induced GFP silencing signal. However, we cannot exclude the possibility that TuMV-AS9-GFP moved out of inoculated leaves in the presence of NSs or P19.
Several models have been proposed to explain RNA silencing suppression based on biochemical analyses and domain predictions of tospoviral NSs proteins. The presence of a WG motif ( Figure 3B ; de Ronde et al., 2014) suggests that NSs interacts with Argonaute proteins to trigger their degradation or inhibit their activity (Schnettler et al., 2010; Eifan et al., 2013; de Ronde et al., 2014) . The Tomato ringspot virus coat protein contains a GW/ WG motif that mediates interaction with and triggers degradation of ARGONAUTE1 (AGO1; Karran and Sanfaçon, 2014) . TCV capsid protein P38 also harbors two GW/WG motifs that facilitate association with AGO1, preventing loading of endogenous and virus-derived sRNAs (Azevedo et al., 2010) . The existence of three RNA binding domains ( Figure 3B ; de Ronde et al., 2014) and the results of in vitro assays suggest that NSs binds long cellular and viral double-stranded RNAs (dsRNAs), such as microRNA (miRNA) precursors and viral replication intermediates (Schnettler et al., 2010; Eifan et al., 2013; de Ronde et al., 2014) . These same domains may be involved in binding cellular miRNAs and virus-derived sRNAs (Schnettler et al., 2010; Eifan et al., 2013; de Ronde et al., 2014) . Experimental evidence to support NSs-mediated degradation or inhibition of Argonaute proteins, binding of virusderived sRNAs, association with miRNAs or their precursors, or interaction with viral dsRNA in vivo has not yet been produced. Similarly, the role of NSs silencing suppression in virus infection and movement has not been determined. An infectious TSWV clone is not available, limiting the experimental approaches by which these processes might be examined.
The NSs clones and assays described here establish a foundation to determine the mechanistic activity of NSs. TCV and TuMV (Garcia-Ruiz et al., 2010) replicate in Arabidopsis thaliana, mutants of which lacking key RNA silencing components have been characterized Garcia-Ruiz et al., 2010; Wang et al., 2010; GarciaRuiz et al., 2015) . A genetically tractable system based on chimeric TuMV and Arabidopsis thaliana is being developed by our group to determine the mechanism by which NSs suppresses antiviral RNA silencing. The genetic features of this system will allow us to ascertain the contribution of NSs antiviral silencing suppression to the establishment of virus infection and movement and the development of symptoms. Similarly, it will be possible to identify plant genes that repress TSWV infection.
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